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ABSTRACT

An approximate analysis is performed for the combustion rate
of carbon in air at the stagnation region of a blunt body in hy-
personic flow for the intermediate regime of conditions between
the reaction-kinetic-limited and the diffusion-limited extremes.
The effect of mass addition to the boundary layer caused by the

combustion is considered. Combustion rates in the intermedi-
ate regime are derived using closed-form approximations for
available boundary layer analyses. The results, shown in a
generalized form, are valid for arbitrary reaction kinetics and
combustion products. The limitations of the series-resistance
approach are demonstrated. A numerical comparison of the
closed-form results for the mass loss rates in the diffusion-
limited regime and the recent results of Scala indicate that
the present simplifications are satisfactory for engineering
purposes.
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I. INTRODUCTION |

Ballistic re-entry vehicles employing charring-ablator heat shields encounter
high surface temperatures during re-entry and the combustion rate of the
graphitic-char material is limited by the rate at which oxygen can diffuse
through the boundary layer to the burning surface. Lifting-types of re-entry
vehicles, however, typically encounter lower heat transfer rates and cor-
respondingly lower surface temperatures. In this case, a graphitic-char
material or a graphite may combust at a rate that is more or less dependent
upon the heterogeneous reaction-kinetics of the surface combustion process.
The degree to which the combustion is dependent upon surface kinetics is a
function of the flight condition, the vehicle configuration, the location upon

the vehicle, and the chemical make-up and temperature of the surface.

In 1936, Parker and Hottel (Ref. 1) reported on an experimental study in
which the combustion rate of graphite and oxygen was measured at values be-
tween the reaction-kinetic limit and the diffusion limit. The reaction-kinetic
limit may be defined as the combustion rate under conditions where the oxy-
gen concentration at the burning surface is the same as the oxygen concentra-
tion far from the surface, i.e., at the edge of the boundary layer. The .
diffusion-limit is defined as the combustion rate under conditions where the
oxygen concentration at the burning surface is essentially zero (for practical
ranges of wall temperatures). The diffusion-limit is found to vary only

slightly with surface temperature, due to small changes in boundary layer

USRS

transport properties. The reaction-kinetic limit possesses an extreme de-
pendence on surface temperature, usually expressed as an exponential after

Arrhenius.

Parker and Hottel found their data indicafed that the combustion rate of

carbon in the intermediate range of surface oxygen concentrations could be

expressed by a relation analogous to that for the flow of electrical current




through two resistances in series. They identified the inverse of the
reaction-kinetic limited combustion rate as a chemical resistance and the
inverse of the diffusion-limited combustion rate as a diffusion.resistance. In
1947, Frank-Kamenetskii (Ref. 2) presented a simplified analysis of combus-
tion in the intermediate regime, which ignored the effect on the boundary

layer characteristics of mass transfer from the wall. According to Frank-

Kamenetskii's analysis, the data of Parker and Hottel conformed to fractional-

order rather than first-order kinetics as they had originally deduced.

In 1961, Moore and Zlotnick (Ref. 3) performed an approximate analysis of
the combustion of graphite in the intermediate regime for a unity Lewis num-
ber, using the reaction-kinetic-data of Blyholder and Eyring (Ref. 4). They
considered the case of a boundary layer in which CO evolving from the heter-
ogeneous reaction diffused toward a gas reaction zone at some arbitrary dis-
tance from the surface where it is reacted with oxygen to form COZ' The
COZ then diffused back to the graphite surface to react heterogeneously with

graphite to form gaseous CO.

In 1962, Scala (Ref. 5) reported the results of numerical boundary layer cal-
culations for the combustion rate of graphite at the stagnation point of a
hemisphere in hypersonic flow. He considered the cases of a boundary layer
in which gas-phase reactions were prohibited (frozen) and a boundary layer
in which gas-phase reactions proceeded at a rate sufficient to cause local

thermochemical equilibrium at all locations.

In the intermediate regime (between the rate-limited and diffusion-limited
combustion), Scala treated the kinetics as being of one-half order and cal-

culated the combustion rate by the series-resistance method.

Scala's numerical analysis provides an accurate solution of the diffusion-limited

combustion rate and an approximate solution of the intermediate-regime com-
bustion rate. His intermediate regime results must be considered only ap-
proximate since it has not been shown that the series-resistance method
utilized may be applied for reactions of arbitrary order, different from unity.
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In this report, the problem analyzed by Scala will be studied, for the frozen
boundary layer case, by the use of approximate but closed-form solutions of
the stagnation-point boundary layer equations. The purpose of the analysis

is to show the general coupling features of the oxygen diffusion, the surface re-
action kinetics, and the mass transfer of combustion products with regard to
the overall combustion rate. The accuracy of the series-resistance method
will be investigated. In addition, it will be shown that the present approxi-
mate results can predict the diffusion-limited ablation rates within satis-

factory accuracy.
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II. ANALYSIS

The problem of a heterogeneous reaction at a wall undergoing a transition
from a dependence upon surface kinetics to a dependence upon boundary layer
diffusion, for the case of wall-catalyzed recombination of dissociated atoms,
was treated by Chung (Ref. 6) in 1959. In that analysis, Chung investigated
the effect of air injection through a porous wall of arbitrary catalytic ef-
ficiency on the nature of the transition from the reaction-kinetic limit to the
diffusion limit of wall-catalyzed oxygen recombination rates. A directanalogy

between the graphite-combustion problem and the wall-catalyzed atom recom-

‘bination problem exists for the case where the boundary layer conditions

prohibit gas-phase reactions. The essential features of the analysis of Ref-
erence 6 will be utilized in the development which follows. It is convenient
to choose a flow configuration for which satisfactory solutions for diffusion
and heat tranefer are available. Such 2 configuration is the stagnation region

of an axisymmetric or two-dimensional blunt body in hypersonic flow.

The fundamental equations for a frozen laminar boundary layer at the stagna-

tion region sketched in Figure 1 are

Continuity:

,aéx(pur;) + ,a%(pvr;) - 0" (1)
Momentum:

CRCRCE:

*Note: ¢« = 0 for a two-dimensional body, 1 for a rofationa.lly- symmetric body.

5.
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Figure 1. Physical Model
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Energy:

@) rf8)- 24 8)- - )5

Diffusion:

() o (55) - o)

The following transformation relations are utilized:

pur; = -g%
pvr_ = --g%

(3)

(4)

(5a)

(5b)

(5¢)

(54)

(5e)

(51)

Where C is assumed to be constant in the transformation. Also, it will be

assumed that Pr and Sc numbers are constant across the boundary layer.




The additional quantities g and Z are defined as

gt = 5 (58)
e
Cl('ﬂ)
Z(n) = ) (Sh)
;e

where cy is the concentration of the gaseous reactant of interest, oxygen.
The continuity equation is satisfied by the stream function transformation,

and the momentum, energy, and diffusion equations transform to

du P
m " - 28 e '2 e
£+ £ = 3;(71?)( i T) (&
1 Yel1 '
fg' + pz g" = ‘h—(‘P? - 1)(£'f") (7
e
fz'+-§13z'l =0 “ (8

Lees (Ref. 7) showed that the terms on the right-hand sides of Eqs. (6) and
(7) can be neglected without appreciable error if the wall surface is highly
cooled. This condition is fulfilled at wall temperatures of practical interest
for graphite materials in the hypersonic regime. Thus the equations simplify
to

£ 4 £f" = 0 (9)
f 1 1 " -
g+ pzg" = (10)




fz'+slazu=o (11)

The boundary conditions to be imposed for the solution of the momentum and
diffusion equations are

£(0) = £ (12a)
£(0) =0 | (12b)
f'(0) = 1 (12¢)
Z(c0) = 1 (12q)
z2(0) =2, (12e)

It is noted that fw and Zw are not arbitrary, but depend on the surface
chemical reaction. The frozen energy equation, (10), will not be solved, but

solutions may be found in References 6 and 8.

The rate of mass loss from a burning surface is expressed as the Arrhenius
form

-Ea/RTw

) e (13)

my = kl(Pl ' W

where kl is the frequency factor, Pl w is the partial pressure of the gaseous
’

reactant at the wall, and n is the order of reaction. The partial pressure




Pl w San be expressed in terms of the total pressure Pw. molecular
’

weight ratio (M/Ml)w, and oxygen reactant concentration at the wall €1 w

M
P =P( ) ' (14)
l,w w Ml w l,w

The frequency factor and the exponential term are combined as kw'

-Ea/RT
k = kl e (15)

Taking the static pressure as constant across the boundary layer, we may

express the mass loss rate as

n
h, = kw[pe(%)w] r w ' (16)

The stoichiometric relation for heterogeneous combustion is written as

—

anw + nlMl - anMp (17)

where w refers to carbon, 1 to oxygen, and p to the product species. Thus
the gaseous reactant transport rate corresponding to the wall mass lossrateis

N L W M) "o » 18
ml'nwﬂww em-l'w €l,w (18)

Equating this to the net transport rate of gaseous reactant at the wall, the
boundary condition is obtained for the diffusion equation aty = 0

Q

«10-




8c n,M
D 1 171 ( M r n
Pw W(W)w " Pw'wCl,w ® —H—nkw[p T)w °l,w (19)

i Using the relations

| ro(x) =x

Pete © (Pe"'e)s

PwVw = I VT + OBlp 1 J,.T

for the stagnation region, and the transformation relations (5), the diffusion
boundary condition becomes

M
( :lﬂl kw[Pe(Mm ) ]n CT::
) z20) =Se{¥ W _t _~ 17wl = £, z1-%0)} z%0) (20)
T+ <1Plp el C

' Since the wall temperature and the parameters associated with it are assumed
to be invariant with x, similarity is not impaired by the inclusion of the
heterogeneous chemical kinetics in the boundary condition at the reacting
surface. It is convenient to define a Damk8hler number Dm as

nlMl M n-1
In M kw[Pe(Ml ) ]" €1,e
D_ = W W w 21)
VIT+ TBlpetelsC

-11-




This parameter characterizes the ratio, for a unit mass of oxygen, of the
diffusion time at the diffusion limit to the reaction time at the reaction-
kinetic limit, and allows the following, more compact, version of equation (20):

Z'(0) = Sc[Dm -1, z“"(O)]z“(O) (22)

The application of boundary condition (12d) to the diffusion equation (11)

leads to the solution
71 15C
z'(0) ! [f*m)]°" dn

[£n(0)]°¢

1-2(0)= (23)

For low values of fw' the following relations furnish good approximations of

the numerical results of References 6 and 9 for air boundary layers:

F[f"(q)]sc dn=C, £,<0.2 (24)
Sc
[£(0))°" =~ Cz + C3fwA fw <0.2 (25)
where for Sc = 0,72 (Ref. 8)* and for Sc = 0. 514 (Ref. 6)
C1 =1, 391 Cl = 1. 825
Cz = 0. 580 Cz =0.678
C3 = 0,610 C3 = 0. 485

;Thele are Low's results, numerically modified to correspond to the present
nomenclature. There is a factor of involved between the present f and n
and those of Low. These factors are pointed out by Chung (Ref. 6).

«]l2a
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When an injected specie has a molecular weight much different from that of
air, these results must be modified; however, the CO and COz combustion
products for this problem have molecular weights sufficiently close to air that
such modifications would be small. Also, the fw values in this problem are
characteristically below 0.2 even at the diffusion lirnit. Therefore, these
approximations are considered applicable within reasonable accuracy.

By applying the boundary condition at the wall (Eq. 22) to the diffusion equation

solution (Eq. 23) and expressing fw in terms of the Damk&hler parameter,

we obtain, after rearranging terms,

nWMW
Scl1 +-—M-n1 1cl.eZ(O)

C3anwcl ,e

2
c,D_ z"(0) Cin My
m

1 -2(0) = (26)

Now, for the given values of S¢ and Dm, and for the given products of com-
bustion, Eq. (26) gives the wall concentration of oxygen. The combustion
rate can then be obtained from Eqs. (16) and (21).

The diffusion-limited combustion rate may be calculated by letting Z(0) = 0 in
Eq. (26) and solving for szn(O). Then the combustion rate is

n M
n"lw.d. 1. © 'rT:'va!' N+ ‘)B(pep‘e)sc cl,eszn(o) (27a)

or

oy, NI+l 1 ,J,C

m = (27b)
w,d. 1. c:3¢:1’° R C?ScnIMl
tz CZ anw
-13-
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IIl. RESULTS AND COMPARISON WITH OTHER INVESTIGATORS

The first point to be examined is that of the accuracy of this method of
calculating the diffusion-limited mass loss rate. The recent results of

Scala (Ref. 5), obtained using accurate numerical solutions of the boundary
layer differential equations, afford a good reference. It will be assumed that
the ratio of carbon monoxide-to-carbon dioxide gas produced by the combus -
tion is given by the equilibrium relation.

C(s) + COz(g) % 2C0(g)

The equilibrium constant for this relation, as used by Scala, is

‘Pc:o’Z 15030
K = . MK =8.80 - 2930
P (Pco, Op T R

I.o%w

Lees (Ref. 7) has suggested that the Schmidt number for boundary layers
adjacent to burning carbon surfaces is between 0.5 and 0. 7. Therefore, the
relations approximating the results of References 6and 9 for Schmidt numbers

of 0. 514 and 0. 72, respectively, furnish useful solutions for comparison,

Figure 2 shows the diffusion-limited mass loss rate resulting from the
solution of Eq. (27b) for the following flight conditions of Reference 5:
vehicle velocity, 20,000 ft/sec; altitude, 100, 000 ft. The numerical results
of Reference 5 are also shown in Figure 2. A large increase in mass loss
rate occurs as wall temperature is raised from 1000°R to ZOOOOR, due to
the change of the equilibrium product from primarily COz to primarily CO
gas. The small variation in mass loss rate occurring at temperatures
higher than ZOOOOR is due to changes in the density and viscosity in the
boundarylayer.

-15-
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The results of Scala correspond to the solution for Sc = 0. 514 at low wall
temperatures and to a solution that would result using a Schmidt number
midway between 0. 514 and 0. 72 at the higher wall temperatures. It is
apparent that the simplified closed-form solutions can yield satisfactory
engineering results for the diffusion-limited mass loss rates since errors
up to fifteen percent (Ref. 5), due to uncertainties in transport properties,
are possible in all results shown in Figure 2.

In the intermediate regime, it is not necessary to specify particular numeri-
cal values for the Arrhenius relation since the Damkdhler number includes
this factor in the general results. It is, however, necessary to specify the
order of reaction, n, and the product of the reaction. As discussed by
Scala (Ref. 5), there is considerable disagreementinthe literature on com-
bustion as to the order of reaction for Oz -graphite combustion. One-half
order kinetics are widely utilized, however, and the Scala (Ref. 5) and
Moore and Zlotnick (Ref, 3) articles both incorporated that order. Hottel
found experimentally that the order was close tounity. The effective com-
bustion product can range from primarily CO to primarily CO,. Toaccom-
modate this range of reaction orders, products, and the expected variation
of Schmidt number, Eq. (26) was solved for n = |1 and 1/2; CO and COZ
products; and Sc = 0.514 and 0. 72.

The results of this calculation, shown in Figure 3, indicate the dimension-
less concentration of oxygen at the wall versus the DamkShler number. The
average molecular weight of the gas mixture at the reacting surface, (M)w,
was taken as that of air, since nitrogen is the predominant specie and the
molecular weights of the combustion products are not far different from
oxygen. The results for a COz product are shown only as perturbations
from the CO product curves. The differences between COZ and CO product
results are small for given reaction orders and Schmidt numbers, The
present results for unity reaction order are seen to require an increase of
four orders of magnitude in Damk8hler number in order to lower the oxygen




surtBay syerpowrzajul oy} UI [feM 94} je BoOPRIUIIUO) usfixg

“a

201

°¢ oanSrg

19na0¥d 02 ¥o4
NOLLVIA3G S3UVIION Y-

1=u *02°22'0=38
2/1=v ‘02'2L0s28
1=4 ‘00'VIGO=9S

SIS INISId

[

1

2/1=4 '00'$piG 0= 9§ —

|=sVU
2/1=v

2/1=v ‘22°0=38 @

200298
‘»IS0=25 @
‘9150298 O

{ 00 TIv) S1INS3M¥ SIIH3S

[ 1 1

|

j

1Y)

o’

(0)z




Q)

.concentrations at the wall from 99 porcenf to 1 percent of the free-stream

concentration. A reaction order of one-half requires an increase in D m of
only three orders of magnitude for a similar transition. The different
Schmidt numbers at a given reaction order show results converging at the
extremes and differing a small amount at intermediate Damk8hler numbers.
Results calculated from relations derived in the Appendix using the series-
resistance method are also shown in Figure 3 at particular Damkdhler
values. It is noted that the series-resistance method leads to oxygen con-
centrations that are approximately correct for unity reaction order but
quite inaccurate for a one-half reaction order. The series results are not
exactly valid even for unity reaction order because the modifications to the
boundary layer diffusionrates due to mass addition are not adequately
represented in the intermediate regime.

The fractional mass loss rates, defined as the ratio of the wall mass loss

rate to the wall mass loss rate at the diffusion limit, were obtained from

the results of Figure 3 and Eqs. (16) and (27b), and are shown in Figure 4

for a CO product. The mass loss rates given by the reaction-kinetic limit and
bythe series method are shown for reference. The present results require

Dm changes of the same order as in Figure 3 to accommodate a 1-to~99
percent transition, and again the series result is adequate for n = 1 and
inadequate for n = 1/2 reaction order.

The fundamental reason for the failure of the series -resistance method when
utilized for a reaction order of one-half is that the reaction-kinetic limit
then does not depend linearly upon the oxygen concentration, whereas the
diffusion-limit does show a linear dependence. A series-resistance calcula-
tion is predicated upon the quantity of flow having a linear dependence on the
potential across each resistance.

There exist considerable uncertainties in the values of the reaction-kinetic-
constants for the combustion of the various grades of graphites with oxygen,

-19-
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and in the proportions of CO and CIO2 produced by the reaction. It is felt

that the present results are sufficiently simple and general to furnish a
useful method for calculating combustion rates with any kinetics and products
that may be found appropriate. The question of the proportions of CO and
COZ produced in the intermediate regime is at present unanswered. Although
the equilibrium written between carbon, carbon dioxide, and carbon monoxide
is a reasonable postulate for the diffusion-limited condition, it may become
invalid in the intermediate regime. The reaction-kinetics of the carbon-
carbon dioxide reaction (as described, for instance, in Ref. 2) may then
become significant. Thus, the numerical calculation of combustion rates

in the intermediate regime, at the present time, must beperformed for the
limiting cases of either CO or COZ product formation to show the possible
ranges of these results.

-21-
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IV. CONCLUSION

The simultaneous effects of heterogeneous reaction-kinetics and oxygen
diffusion to a burning graphite stagnation surface may be described by a
simple relation (Eq. 26), which utilizes closed-form approximations to
available boundary layer diffusion solutions and a DamkShler number. The
Damk&hler number characterizes the ratio of the time for a quantity of
oxygen to diffuse to the surface to the time for a quantity of oxygen to chem-

ically react with the surface.

The use of closed-form approximations to available boundary layer solutions
allows rapid estimation of diffusion-limited combustion rates, within reason-

able engineering accuracy.

The relations derived for the oxygen concentration at the burning graphite
surface in the intermediate regime (Eq. 26) may be utilized for any reaction
order, reaction-kinetic constants, or reaction products that may be consid-

ered appropriate.

The proportions of carbon monoxide and carbon dioxide products formed by
combustion in the intermediate regime are presently in question; therefore,
the numerical value of the carbon mass loss rate has been calculated only
for the limiting cases of CO or COZ product formation., An investigation

is now in progress to extend this analysis to determine the effective ratio

of carbon monoxide to carbon dioxide produced by the heterogeneous reaction.

A series -resistance approach to the intermediate regime is adequate for unity
reaction order providing the diffusion-limited mass loss rate takes proper
account of the effects of mass addition. The series approach is inadequate
for a reaction order of one-half.

23




APPENDIX

Derivation of Results of the Series -Resistance Method

The basic relation postulated by this method is

m

W mw. r.l. mw, d.l.

where r.1l. refers to the reaction-kinetic limit where Z(0) = 1 and d.1. refers
to the diffusion limit where Z(0) is essentially zero. When the relations
derived in Eqs. (16)and (27b) are inserted, these terms become

— 1 + __ 1
M\ I®n /(l+«)ﬂ(pv~)c
P (=~ 1, e
[ (}T)w] [ e(1\'{‘):"]“:1'e T3‘:1 e  Cpo¢ “IMI
2 +
c:2 CZ w w

Rearranging,

c ScnlM)
CZ wa
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By definition of the Damk&8hler number (Eq. 21), this becomes

C3°l, WMy  C8e
2] 4D {e +
m\ CMMy C2

z™(0)

or

1 _l/n
c

z(0) = C3c1 n M ClS
1+D 1S W W4
m\ C,nM, C,

This derivation has been made only for the purpose of allowing a comparison
with the present results. As shown in the main body of this report, the
series method leads to erroneous results.
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N oM

NOMENCLATURE

mass fraction concentration

(P b/ Polq 0 2

constants defined in Eqs. (24) and (25)

specific heat

diffusion coefficient

modified Damkdhler number defined in Eq. (21)

activation energy

transformation variable, 'Pwvw/‘/“ +e)Blpn,),C
dimensionless enthalpy

frozen enthalpy

thermal conductivity

frequency factor

specific reaction rate

mass loss rate of surface

molecular weight

reaction order or stoichiometric coefficient
static pressure, atm

Prandt]l number

radial coordinate

universal gas constant

body nose radius

transformation variable

27 -
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NOMENCLATURE (Continued)

Schmidt number, p,[lez
temperature, absolute

velocity component parallel to wall
velocity component normal to wall
coordinate parallel to wall surface
coordinate normal to wall surface
oxygen concentration ratio

external free stream velocity gradient
exponent for body shape

similarity variable

viscosity

density

stream function

Subscripts and Superscripts

]
w
)
1
d.l

r.l.

edge of boundary layer
at the wall surface
average

gaseous reactant
diffusion limit
reaction-kinetic limit

vehicle

-28-




REFERENCES

Parker, A. S., and H. C. Hottle, '"Combustion Rate of Carbon, "
Ind. Eg‘. Chem. E(ll), 1334-41 (1936).

Frank-Kamenetskii, D. A., Diffusion and Heat Exchange in Chemical
Kinetics (Princeton Umversity Press, Princeton, N. ;., 1955Y.

Moore, J. A., and M. Zlotnick, '"Combustion of Carbon in an Air
Stream, ''" ARS Journal, 1388-97 (October 1961).

Blyholder, G., and H. Eyring, "Kinetics of Graphite Oxidation II, '
J. Phys. Chem. 63, 1004-1008 (June 1959).

Scala, S. M., ""The Ablation of Graphite in Dissociated Air,'' IAS Paper
No. 62-154, Institute of Aeronautical Sciences, New York (19 June 1962).

Chung, P. M., "Shielding Stagnation Surfaces of Finite Catalytic
Activity by Air Injection in Hypersonic Flight, '' NASA TN D-27
(August 1959).

Lees, L., "Convective Heat Transfer with Mass Addition and
Chemical Reactions, "' Combustion and Propulsion Third AGARD

Colloguium, Palermo, 1958 (Pergamon Press, Inc., New York,
1959), pp. 451-98.

Low, G. M., '"The Compressible Laminar Boundary Layer with
Fluid Injection, "' NACA TN 3404 (March 1955).

-29-




(xea0)

WPSUINUT 943 U FIJX WORSNQWIOCD)  ‘PIIIPe
P zehwy Lxwpunoq

) 03 CONIPPR SSPWL JO DTS S SOWSIIXS
PAHIFW~DOISTGI I 84} PUR PRI -IIUPY-BOHIROT
43 UsAMISq SUOLIFPUOD 3o swuilex sjwPewIeuy

3 10§ mog dtwosasddy uy Lpoq Juniq v jo uorlex
uopzeufeye oy3 3¥ I1E T UOGIED JO 93X WONSNG

~wo3 Y3 105 powzcgzsd 81 siskjvae syvwxozdde uy

3xodey peyisseroun (691-(569)¥0 3V 082 mOD)
(0¥-£9-¥AL~ASE 9-NL(21-0£2¢)691-¥AL 1x0doy)
oLy (Ul

d [9€] ‘€961 Arwnaqeg g2 ‘Suvgd ‘W ‘4

pue -af ‘qerem ‘X "M 4q peawdead ‘MOTI

DINOSYAJAH NI XAO® INNTHE V 40 NOIOIYH

NOILVNOVLS THL LV ILIHAVED 40 NOILSNH
=NOD THIL NO SOILANDI NOILDOVEM SNOANID
-OUIALAH 40 1OA4dT THIL JO SISXTVNV NV
*eyalogIre) ¢ T2 ‘uvonywiodzon sdwvdsozoy

AILLISSVIONN

AALIISSVIONN

(zeac)

SITIPOWIISWAL SN} U} SHJNI UOLISNAWIOT)  “PAISPIS
~UOD ST WORSTHY op iqp wy Azepumog
oY1 03 CONPPT SIVW JO IDUFS S, " SIWBIIS
POINNWI-UOISTRIIP M) PUR PRI ~-ITISUD-WORIVEL
943 GesaIsq SEOHPWOD Jo sunlies sIRIpeISgE]

uopwuBeis su 3¢ ITE W WOGIED JO SIEX WTISNY

-wod aqy x0§ pewmizogasd 8] sishrewe syvumosdde wy

1zodey pegisseu 1691-{569)y0 AV a0
(0¥-€9-RAL-ASS 9-NL(ZT-0c2€)691-WAL .8.95

swqy “powy
‘d [¥€] €961 Arwnageg gz  -Sewmpd ‘W A
pae -if ‘yspop "X "M 4Aq peavdead ‘RO
SINOSYIAJAH NI A0 INOTE V JO NOIDEY
NOLLVNDVIS THI LV ALIRIVED L0 NOLISNd
-“MOD THLI NO SOILENDI NOLLOVIY SNOENAD
-OYALIH 4O LOTAIX FHLI S0 SIBLTVNV NV
*erazopre) ‘opunieg [y ‘uor x0D) v

{(zea0)

WTPAWINUT I U 99IVI VORSTHQWIOD  ‘POIIPLS
-B0D 8§ BORSNGMI0d W3 Aq pesned 19dw; Liwpunoq
oY} 03 POLIIPPE SSWW JO IINFO Y], ‘SIWSIIXD
POIFU-UOISTY P 843 PUT PRIFWI[-IHIUP[-BOLOEEL
Y} UseMING STORPUOD JO sunlex sePowISIL

oq3 I0§ mopg dmoezediy ar Lpoq uniq T jo uoiSex
wopwafivns syl 3% T8 U UOGIED JO 938X UOHING

-wod ) 20] pewezogaed oy sisirur sswxozdde wy

1z0dey pegieswioun (691-(569)¥0 AV 3>ea3u0))

{o¥-£9-8AL-ASS 19-NL(ZT-0¢2¢)691-HAL 1xoday)

‘onqyt ‘1out

‘d [p£] €961 Aawnaqeg gz ‘Bumyd ‘W °d

pue -af ‘usteom ‘T ‘M 4q pexwdexd ‘moTd

JINOSYIJAH NI XJOW INATYE V 40 NOIDEY

NOLLVNOVIS IH1 1V ZLIHJIVED 40 Nollsnd

-“NOD THI NO SOLLANDI NOLLOVIY SNCANID

~-OBALIB A0 wunh.-u AHL IO SISK'TVNV NV
*wTuIOgTIeD) ¢ 13 ‘wonyezcdion) sowdsosey

QALIISSVIONN

QIALIISSVTIONNO

(xoa0)

2ITIPSWISIUL S} UL SSIEX VORSRQWIOD) “POINPIS
~U02 8§ WORSTY om &g p askey Aswpumoq
3 O3 VORIPPT SHWU JO IDNGS ML SOMSIIND

uonjeafieis o) ¢ ITE UY WOQITLD JO SJRI BONWWY

-wo3 oy x08 potazcgxed sy sysifwme syvwiosdds wy

1zodey pogisseun (691-(S69)50 AV 1>exWWO7})

(0¥-€9-¥AL-as8 ‘9-NL(ZT-0cZ€)69T1-WaL Modey)

“SRYE Towy

d [#€] €961 Axwmageg g7 ~Pemmd ‘W °d

pue ‘3f ‘qetom W ‘M 4q peaviesd ‘moOris

DINOSWAJAH NI AQOG INOIYE V 0 NOIDEW

NOLLVNOVIS THL LV ALHIVED JO NOIISNG

~MOD THI NO SOLLENDI NOLLOVIN SHOENID

~O¥ILIH JO 1ONLLT FHI IO SIEX nv
wui031eD ‘opunleg TR “wopezodaod oy




)

CRILISSVIONND QILIISSVIONN
-o-om nd Surzesurfue -sosodand Darzesarus xof
£Lxo30wgsies saw HeOET xd a3 ud.._u L103pwysyyes aaw suonwoygndiute yaesexd syl Jes
EPUL F[EIF JO SIS e 3« pue sulox PITIIPUL T(EIG JO SINISI FWeIex oy} puw sunSea
POIRU-UOISTYFIP A3 UL oun :3 sswwi 3y} 107 PONTWII-UOTSIYIIP Y3 U SIJTI SE0] SSVTW MY} 30§
23[NSSI WICF~-PESOTD 83 JO uostaedwiod redrIwnu SI[MSOI WIOF-PIFOTD I3 JO BOSEIWAWIOD [EILIPEINT
vV pejysrisuocwisp 91w govoxdde adueisisox v -pejeiisuowisp sxv yd>woadde souwisisex
-891198 9y} Jo suon MW 9y, ‘s3donpoad wonsng ~831I98 9Y3 JO sUORIWMNWI 4] °sIdnpoxd wonsng
-W0J PUT SIPIULY TVONILII AXeIIqI® 0] PITRA -W0) PUT SINIUTY UOHIWeT gﬁ 20§ PITCA
9I® ‘wiIoy peRITRIIuLB ® Ul UMOYS ‘sIMsII YL n ‘WX0] POSI[RIUIS ¥ UL BAOKe ‘SIMEST ]
‘seshrear xokw] Axwpunoq arqEIteAr I0] SUOHI YW ashpeue xodkey Lxvp 20§
-mxoxdde waioj-peso(d> Bursn peatiap sae swiBox ﬂoa&a waxoj vons u&!— v:ﬁoﬂ sxe !H«.cu
CQIALIISEV'IONDN QALIISSYIONN
ARLLISSV'IONN QILIISSVIONA
-sesodand Surzseuiue 1oy -sesodand Surzseuriae 0§
Az03oeysnyes sae suonwoyduis juesexd ayy v Azo1deysties saw suoneoygrdunrs wesexd oqy 3
SIEIIPUL T[WIG JO SI[NBSL nnooul.:ln!:m-o SIRITPUL EIWIG JO SIANESI SOOI oy pwe suniBex
POIRU[-UOISTI P oY) U} 89781 $SO] SSWW OY3 10¥ POIFW[-UOISTYFIP SY3 U] SOIEI $SO] SSULR o 20§
SI[MesI WIOF-PEIOTd M3 Jo uosiiwduiod edtIwNa 23(MPX ULI0Y~-POSOTd o3 JO VOSIAwdoD TeIEIOmMMm
V  PEIIISTOWSP BIW YO dou&u URINENOL V pamxsucmep sxv yovoadde sommssex
~se1Ie8 & jo suUORWRY oYL 93onpoxd uonsng s1ze8 o) Jo swoRMITUY ML -stonpoad worswg
=Wod PUT SIISURY GORIEX KI1VIIIQAW IO PIeA ~W0) PUT SIS VORI gﬁd 20§ PHEA
saw ‘wxoy pesirezouss ® uj uUMOYs ‘sneox SYL oz v ‘wixoy pesiresous’ ¥ Wl uMOyS ‘sIMesa SN
-sesdreus zeder L2wpanoq siqerTeAR 203 Suoh IR ‘sosireun zedu] £IPUnoy SIGEITRAT 10§ FEOTIEME
~xoadde waog-pesord Suisn paastiep saw swilex ~mxoxdde wiiog-pesors> Buisn peariep sse suyBex
TALIISSVIDONN




